Neutralizing antibodies (NAb) to interferon-beta (IFN-b) are associated with reduced bioactivity and efficacy of IFN-b in multiple sclerosis (MS). The myxovirus resistance protein A (MxA) gene expression is one of the most appropriate markers of biological activity of exogenous IFN-b. We hypothesized that therapeutic plasma exchange (TPE) can restore the ability of IFN-b to induce the MxA mRNA expression and that maintenance plasmapheresis can sustain the bioavailability of IFN-b.
Background
Multiple sclerosis (MS) is generally considered a chronic inflammatory demyelinating disease of the central nervous system, thought to be triggered by an autoimmune response to myelin. The exact cause of MS is unknown. However, it is believed that some factors, including genetics, environment, and childhood infection, may play a role. Even vascular etiologies (chronic cerebrospinal venous insufficiency) due to the periventricular predilection of the lesions have been considered [1] [2] [3] [4] .
Nowadays there are a number of disease modifying treatment options, which have been shown to slow the progression of MS in significant proportion of patients. Interferon beta (IFN-b) preparations are the most widely used initial therapies prescribed for patients with relapsing-remitting MS (RRMS) [5] [6] [7] [8] . However, IFN-b preparations, like other protein-based biopharmaceuticals produced by recombinant gene technologies, are potentially immunogenic [9] . It is known that IFN-b preparations are associated with the development of 2 different classes of antibodies against IFN-b: binding antibodies (BAbs) and neutralizing antibodies (NAbs). BAbs bind to the IFN-b molecule and may or may not interfere with its functions. NAbs interfere with functions of the IFN-b molecule in vitro, most likely by preventing binding of IFN-b to the IFN receptor on cells used in the assay, thereby inhibiting the functional activation of the receptor. BAbs can be demonstrated in the majority of patients treated with an IFN-b preparation, but only a small proportion of patients develop NAbs [10, 11] .
Persistent and high-titer NAbs reduce or eliminate the biological activity of IFN-b therapies for MS and are associated with reduced efficacy. The majority of studies greater than 2 years in duration reported a higher attack rate, disease activity measured on brain MRI, and disability progression on EDSS in NAb-positive compared to NAb-negative patients [11] [12] [13] [14] [15] .
Low concentrations of NAbs can be detected in vitro with sensitive assay after 6 months, whereas clinically relevant NAbs usually develop between 9 and 18 months after start of IFN-b therapy. It is clear that if NAbs have not developed by this time, they are unlikely to develop in the future [10] . The frequency of developing NAb and BAb to IFN-beta varied according to the IFN-beta given. Specifically, the NAb seroconversion frequency was significantly higher in patients treated with IFNb-1b (up to 30% and more) than in patients treated with both preparations of recombinant IFN-b-1a (approx. 6-7%) [16] .
The most commonly used method for measuring of BAbs is ELISA [10, 17] , particularly capture ELISA, which correlates better with NAb titers than does direct ELISA [18] . In general, ELISA titers correlate only weakly with NAb titers, but BAb-negative samples measured by ELISA reliably predict NAb-negativity [19] . A number of methods have been developed for the measurement of NAbs and all are based on measuring the in vivo responses of IFN-b-sensitive human cell lines to the application of IFN-b. Binding of IFN-b to the IFN receptor complex on the cells leads to a change in the expression levels of many genes that have antiviral, antiproliferative, and immunological properties. In the presence of Nabs, these changes are inhibited [17] . The CPE assay is considered the gold standard method for measuring NAbs. However, the assay is prone to variation, and is very time-consuming and non-specific [10, 17] . For this reason, CPE assay has been modified by measuring the amount of MxA protein or MxA mRNA produced following stimulation with IFN-b. Stimulation with IFN-b leads to a dose-dependent increase in MxA protein and MxA mRNA [17] . Measuring MxA production has the advantage of being faster and more reliable; however, its relatively high cost may limit its adoption as a routine assay in clinical laboratories [17, 20] . Other method for measuring of NAbs is the assay based on the in vivo induction of MxA. Maximal MxA mRNA concentrations are achieved about 12 h after the dose of IFN-b is given. Results are reliable and reproducible; however, costs are relatively high [17, [21] [22] [23] . As described earlier in NAb-positive patients, especially those with high titers, the MxA response decreases to baseline levels, indicating that NAbs abrogate the bioactivity of IFN-b [24] , meaning that MxA mRNA levels inversely correlate with NAb titers [20, [25] [26] [27] .
There is no consensus on preventing development of Nabs or management of NAb-positive patients except for switching them to non-interferon therapy. When NAbs develops, it is difficult to revert patients to a NAb-negative state. Monthly pulses of intravenous methylprednisolone may reduce the risk of developing NAbs during the first year of treatment, but possibly this is only of clinical importance in cases without hightiter Nabs and only in those cases when methylprednisolone is given together with IFN-b from the beginning of the treatment [28, 29] . However, in established NAb-positive MS patients who continue IFN-b therapy, treatment with monthly cycles of high-dose methylprednisolone does not restore IFN-b biologic response [29] [30] [31] nor did a combination of azathioprine or oral low-dose methotrexate and monthly methylprednisolone cycles [31, 32] . Plasmapheresis might be considered as possible procedures to diminish NAbs generation and to restore the abolished bioavailability of IFN-b, because it effectively removes autoantibodies from the plasma [10, 33, 34] . However it is still unknown whether TPE can promote recovery of IFN-b bioavailability.
The objectives of the study were 
Material and methods

Study design
An open-label, single-center proof of concept study was initiated in 2013 at the Neurology and Neurosurgery Clinic, Faculty of Medicine at Vilnius University, Vilnius University Hospital Santariskiu Clinics, Department of Neurology. The study protocol was approved by the Vilnius Regional Bioethics Committee (Trial registration number 158200-13-644-191) and written informed consent was signed by each subject.
Study population
The participants were MS patients treated at Vilnius University Hospital Santariskiu Clinics. We included 6 patients in the study and the study was ended earlier than initially planned because the results were so evident that it was considered unethical to continue the study.
The trial population consisted of subjects with RRMS according to the following inclusion and exclusion criteria.
Inclusion criteria 
Exclusion criteria
1. Any life-threatening, medically unstable, or otherwise clinically significant condition or findings other than MS, in particular neoplastic disease, seizure disorders, or psychiatric diseases; 2. Medical conditions or laboratory abnormalities that might be negatively influenced by plasma exchange sessions e.g., patients with hypocalcemia, immune compromise, or malignancy); 3. Severe allergic/anaphylactic reactions, in particular if a history of prior reaction to blood products existed, or any known drug hypersensitivity; 4. Hemodynamically unstable patients; or 5. Patients with limited vascular access.
The mean age of these patients at the screening onset was 43.7 years (range, 36-54 years). Four patients were women (66.7%) and 2 patients were men (33.3%). The average treatment duration of immunomodulatory therapy prior to the screening was 4.5 (±1.8) years. The mean disability score on the EDSS was 3.7 (±0.9) ( Table 1 ). All patients were clinically stable during the study.
The procedure
Six patients met the inclusion criteria and were included over a 4-month recruitment period. 
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This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License plasma exchange sessions of 2.0-2.5 plasma volumes over a 5-8 day span. After induction plasmapheresis, in order to sustain the bioavailability of IFN-b, the patients were transferred to the maintenance plasmapheresis -3 sessions were performed in total, with 1 plasma exchange session per month. Donor plasma was used for plasma replacement. All participants received IFN-b-1b (Betaferon) 250 µg subcutaneously every other day during the entire study. One patient after the first incomplete plasma exchange session (1100 ml plasma volume was replaced) was switched to the centrifugal plasmapheresis due to adverse reactions to donor plasma; the patient underwent 6 centrifugal plasmapheresis sessions of 310-380 ml volumes every day (Table 2) . Premedication with clemastine IM and dexamethasone IV before TPE was given to avoid hypersensitivity reactions and calcium gluconate was infused IV during the TPE to avoid hypocalcemic symptoms.
IFN-b bioactivity measurement
Blood from MS patients was drawn into PAXgene Blood RNA Tube (PreAnalytiX GmbH, Hombrechtikon, Switzerland) before and 12 hours after injection of INF-b. Total RNA was extracted using Purlink FFPE Total RNA Isolaton Kit (Life Technologies, Carlsbad CA, USA) according to the manufacturer's protocol. Total RNA was subsequently reverse-transcribed to cDNA using RevertAid™ M-MULV reverse transcriptase and random hexamers (Thermo Fisher Scientific, Vilnius, Lithuania). Previously published sequences for MxA and GAPDH primers and probes were used in duplex qPCR reactions [35] . qPCR reactions were performed in a 20-μl reaction volume containing Maxima ® Probe qPCR Master Mix supplemented with Uracil-DNA glycosylase (Thermo Fisher Scientific, Vilnius, Lithuania), 300-nmol/l final concentration of each primer, 200 nmol/l of each probe, and 2-μl cDNA solution. qPCR was performed on a RotorGene 6000 analyzer (Qiagen, Hilden, Germany) using the following cycling conditions: 2 min at 50°C followed by 5 min at 95°C and 45 amplification cycles at 95°C for 20 s, 60°C for 15 s, and 72°C for 20 s. Relative quantification of MxA expression was calculated by the DDCq method. Peripheral blood cDNA from a pool of healthy donors was used as a calibrator in DDCq calculations and was run in parallel with patient samples. This calibrator was assigned the normalization ratio 1. MS patient samples before and after INF-b injection were always analyzed in the same qPCR run. Two cut-off values for INF-b bioactivity were determined based on MxA expression results of 30 untreated MS patients, as described previously [36] .
The definition of biological responders, poor biological responders, and biological non-responders Biological responders, poor biological responders, and biological non-responders were defined based on the absolute values of their MxA expression/induction indicators regarding 2 cut-off values established before the study. Biological responders were defined as the patients whose MxA expression values were above both threshold levels. In case only 1 threshold was reached, a patient was assigned to the group of poor biological responder. If neither of the 2 thresholds was reached, a patient was defined as a biological non-responder. MxA mRNA expression cut-off of <0.586 before INF-b injection and MxA mRNA expression cut-off of <3.84 after INF-b injection were considered as negative. 
Results
TPE effect on the bioavailability of IFN-b
A sharp increase of MxA mRNA expression and induction was found in 4 patients after induction plasmapheresis (in 1 case after centrifugal plasmapheresis); the patients regained an in vivo MxA response to IFN-b therapy and became "biological responders" (Figure 1 ). In 2 patients, an increase of MxA mRNA expression or induction was found but the values persisted below the expression and induction cut-off and the patients remained as "poor biological responders". In the patients who became "biological responders", MxA mRNA expression values after the maintenance plasmapheresis sessions reverted to the baseline levels after 1 or 2 months (Figure 2 ), in 2 patients after the first maintenance plasmapheresis and in the other 2 patients after the second session. 
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The effect of TPE on the BAbs
The mean BAbs titer in all patients before TPE was 528 BTU (±335.0 BTU). In 4 patients, a decrease of BAbs titer was found after induction TPE; a decrease by 403.8 BTU on average was found. In the first and in the second patient, an increase of BAbs titer by 610 and 377 BTU, respectively, was found. In contrast to increased BAbs titers, these 2 patients regained an in vivo MxA response to IFN-b therapy after the initial course of plasmapheresis. The mean titer of BAbs in all patients after induction plasmapheresis was 423.8 BTU (±459.5 BTU) and 396.8 (±354.0 BTU) in 5 patients after the maintenance plasmapheresis ( Figure 3 ).
Safety and tolerability of the TPE
One of the 6 patients after the first incomplete plasma exchange session was switched to the centrifugal plasmapheresis due to the excessive itchy rashes. The rashes persisted after the additional treatment with dexamethasone and clemastine. One patient during the first and the second sessions of induction plasmapheresis had urticaria, which regressed completely after the treatment with antihistamines. One patient after the induction plasmapheresis sessions underwent only 2 procedures of maintenance plasmapheresis; the third session was canceled due to abdominal pain. The pain appeared 3 weeks later after the last (second) maintenance plasmapheresis, and appendicitis was diagnosed. After the surgery, plasma exchange was not performed because the patient refused to continue to participate in the study.
Discussion
Most RRMS patients treated with IFN-b preparations do not develop persistent and high-titer NAbs associated with reduced measures of radiographic and clinical efficacy. For those that do, however, NAbs is a significant clinical problem, especially if other therapies have already been used, are not tolerated, or are not available. There is no consensus on prevention of NAb development or management of NAb-positive MS patients except for switching them to non-interferon therapy. However, NAb reversion cannot be accelerated by the concomitant treatment with corticosteroids or by the combined Figure 2 . The proportion of "biological" and "poor biological" responders before and after therapeutic plasma exchange sessions. TPE -therapeutic plasma exchange; maint -maintenance. [29, 31, 32] .
Because TPE is effectively used to remove serum proteins from the circulation, we decided in the present study to perform plasma exchange sessions to restore and then sustain the recovered bioavailability of IFN-b. All the patients in this study had been treated with high-dose IFN-b for more than 18 months and did not have an in vivo MxA response to IFN-b. We used the in vivo response to IFN-b for IFN-b bioavailability because MxA mRNA levels inversely correlate with NAb titers. Furthermore, several studies have shown that high titers of NAbs invariably are associated with decreased IFN-b bioactivity but low NAbs titers are correlated poorly with expression of IFN-b induced genes or gene products [37] [38] [39] .
The present data support the hypothesis that induction TPE may promote the recovery of in vivo biological response to IFN-b, because 4 patients became "biological responders" after induction plasmapheresis. It should be noted that 2 patients who did not regain the ability of IFN-b to induce the MxA mRNA were the oldest (54 and 49 years old) and had with the longest treatment duration (6 and 7 years, respectively). In contrast, the mean age of all others was 39.8 years and mean treatment duration was 3.5 years (Table 1 ). However, in other studies, which assessed the effect of immunosuppression on NAbs, no data about the impact of immunosuppression in the different age groups or in the groups with different treatment duration were evaluated.
Unfortunately, the effect of maintenance plasmapheresis on the IFN-b bioavailability was transient -even during the maintenance plasmapheresis sessions when one TPE session was performed per months, the biological activity of IFN-b returned to baseline levels after 1 or 2 months.
On the contrary, the effect of TPE on BAbs was different from the effect on the MxA mRNA expression values. Whereas BAbs levels markedly increased after TPE (Figure 3 ) in patients with restored IFN-b bioavailability, they did not change in patients in who low availability of IFN-b remained (Figure 1 ).
In chronic diseases, TPE use is more problematic than in acute diseases due to the phenomenon of rebound antibody production. Therefore, TPE alone is not effective for persistent reduction of NAbs and sustaining of IFN-b bioavailability. Antibodies are effectively removed after plasmapheresis in various autoimmune diseases (e.g., myasthenia gravis and chronic inflammatory demyelinating polyneuropathy), but the additional immunosuppressive therapy after plasmapheresis courses is required for long-term management to prevent the re-synthesis of antibodies. It is possible that the same combination of plasmapheresis and immunosuppression must be used in NAb-positive patients to achieve and maintain adequate bioavailability of IFN-b.
The results of the present study demonstrate that there is still no optimal methodology to restore or improve the markers of IFN-b bioactivity in abolished IFN-b ability or to prevent the development of NAbs in IFN-b-treated RRMS patients. Consequently, to tailor the best treatment for MS patients and to prevent the development of NAbs, the neurologist must carefully consider the results of clinical trials and the particular individual clinical and prognostic characteristics of each patient, including susceptibility to NAbs and clinical effects of therapy.
Conclusions
1. TPE can restore the bioavailability of IFN-b in most patients, especially younger patients and patients with shorter immunomodulatory treatment duration. 2. The applied schedule of maintenance TPE is insufficient to sustain the recovered IFN-b bioavailability. 3. The markers of IFN-b bioavailability return to the baseline levels during 1 to 2 months when 1 TPE session is performed per month.
